Objective Exercise impairment is common in Fontan patients. Our aim is to systematically review previous literature to determine the prognostic value of exercise capacity in older adolescent and adult Fontan patients with respect to late outcome. Additionally, we reviewed the determinants of exercise capacity in Fontan patients and changes in exercise capacity over time. Methods PubMed, CINAHL, Embase, The Cochrane Library and Scopus were searched systematically for studies reporting exercise capacity and late outcome such as mortality, cardiac transplantation and hospitalisation. Studies were eligible for inclusion if more than 30 patients were included and mean age was ≥16 years. Results Four thousand and seven hundred and twentytwo studies were identified by the systematic search. Seven studies fulfilled the inclusion and exclusion criteria. The total number of patients was 1664 adult Fontan patients. There were 149 deaths and 35 heart transplantations. All eligible studies were retrospective cohort studies. The correlation between exercise capacity and late outcome was identified, and HRs were reported. Conclusion In Fontan patients, the best predictors of death and transplantation were a decline in peak VO 2 , heart rate variables and exercise oscillatory ventilation. Peak VO 2 was not strongly predictive of mortality or hospitalisation in Fontan patients. Several variables were strong and independent predictors of hospitalisation and morbidity.
IntROduCtIOn
Patients with Fontan physiology are now commonly surviving well into adulthood, generating new challenges for clinicians. Over time they acquire morbidities within as well as outside the cardiovascular system. 1 2 Many of these morbidities are associated with poorer quality of life, unscheduled hospital admissions and premature demise. 3 To address these challenges, cardiopulmonary exercise testing (CPET) has emerged as a potential tool for risk stratification and clinical decision making in assessing current haemodynamic status, prognosis and planning interventions. However, it remains uncertain how best to use and apply information obtained from CPET in clinical practice. The exact relation between cardiopulmonary performance and mortality in this population, for example, still remains unclear.
Exercise impairment is recognised as a valuable and powerful prognostic marker of late outcomes in adult patients with acquired heart failure, and data from several studies suggest a similar prognostic value in the general population of patients with congenital heart disease (CHD). [3] [4] [5] [6] [7] [8] Exercise performance in adult Fontan patients has been investigated in a number of studies. Collectively, these studies show that exercise limitation is common. [9] [10] [11] [12] [13] Exercise performance is most impaired at peak levels of exercise and also during submaximal levels.
14 Several physiological and haemodynamic factors contribute to exercise impairment in Fontan patients. These include age, chronotropic incompetence, myocardial diastolic dysfunction, fixed pulmonary vascular resistance, decreased arterial compliance and secondarily resting and exercise cardiac output, abnormal venous and splanchnic physiology, ventricular preload deficiency as well as altered autonomic regulation. [15] [16] [17] [18] The prognostic implications of this exercise limitation are variably and in many instances not very clearly portrayed with respect to prognosis in the literature. Specific cut-off values for mortality and/or cardiac transplantation remain largely elusive in this population. 19 The objective of this study was therefore to review systematically the literature for prognostic value of exercise capacity in older adolescent and adult Fontan patients (aged ≥16 years) with respect to late outcomes including mortality and cardiac transplantation well as hospitalisation. We identified all studies with Fontan patients and exercise testing in the literature. Additionally, we review the determinants of exercise capacity in Fontan patients and changes in exercise capacity over time. 
data collection
We developed a data extraction sheet, which was used by two review authors (SU and NA). In each study, we collected the following information: author, country of study, year of publication, journal of publication, study design, characteristics of the study population (eg, number of patients included, age of surgery, follow-up, sex and gender), type of Fontan procedure, relevant exercise capacity parameters (eg, peak oxygen uptake and heart rate) and late outcome. The primary outcome measure was the correlation between exercise capacity and late outcome (death, transplantation and hospitalisation), often expressed as an HR.
study selection
The review was approached stepwise using the PRISMA flow chart. Two authors (SU and NA) screened titles and abstracts for eligible studies, which were read in full. To prevent bias, the screening was performed independently. In any case of disagreement regarding inclusion status, a third author (VEH) would read the article full text, and consensus was reached through discussion. When multiple eligible studies used data from the same sample or cohort, the study with the largest number of individuals was included.
Methodological quality
Three authors (SU, NA and VEH) independently assessed the methodological quality of the included studies, using The Newcastle-Ottawa scale for cohort studies. 21 Risk of bias was assessed across nine items covering: selection, comparability and outcome. Since the most of studies on Fontan patients are retrospective cohort studies (level II evidence), this quality assessment tool was found to be the most appropriate. A study was of good quality to be included in the systematic review if seven or more of the nine items were met. If disagreement occurred, consensus was reached through discussion among all authors.
Results

study characteristics
We identified 4722 studies. After screening through title, abstract and removal of duplicates, 101 studies were considered eligible for full-text reading (figure 1). Inclusion criteria were met in seven studies as listed in table 1. [22] [23] [24] [25] [26] [27] [28] These studies had enrolled a total of 1664 adult Fontan patients reporting a total of 149 deaths and 35 transplantations. Late outcomes are shown in table 2, along with variables of CPET.
Exercise tests were performed on an electronically braked ergometer cycle (n=1192) or on a treadmill (n=629); 130 patients performed multiple tests. Table 3 provides the summary statistics for CPET variables and corresponding HRs. Across studies, there was a variation in definition of late outcome, and one study did not report hospitalisation or morbidity. 
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*Not reported for the entire cohort. †Reported in an earlier cross-section.
AVC, atrioventricular connection; APC, atriopulmonary connection; EC, extracardiac; LT, lateral tunnel; NOS, Newcastle-Ottowa Scale. HHR, heart rate reserve; RER, respiratory exchange ratio; VO2, oxygen uptake; VE/VCO2, minute ventilation/carbon dioxide production; CHF, congestive heart failure.
Congenital heart disease exercise capacity as a predictor of mortality, transplantation and hospitalisation Peak VO 2 Exercise impairment was present in all studies (range 21.2-27.1 mL/kg/min). The strength of peak VO 2 as a predictor for mortality outcomes was inconsistent among the studies (table 3A) .
In two large multicentre studies (655 patients), both peak VO 2 and VO 2 as percentage of predicted normal values failed to predict mortality or transplantation in adult Fontan patients. 22 27 In another smaller cohort study, peak VO 2 was closely linked with functional class but did not establish it as an independent predictor of mortality in a multivariable model. 26 A similar inadequacy of peak VO 2 as predictor of cardiac adverse events (CAE) defined as death and cardiac surgery was found in a recent study. 25 The authors of this study also examined the value of serial exercise tests in predicting 5-year risk of CAE. There was an appreciable decline in percentage predicted peak VO 2 by 1.7±0.9 percentage points/year (n=71). Authors concluded that serial exercise tests demonstrate a decline in peak VO 2 predictive of CAE. The 5-year risk of CAE was 30%, and a decline in percent of predicted peak VO 2 by ≥3 percentage points/year was associated with an increased risk of CAE, cardiac adverse event; VO2, oxygen uptake; VE/VCO2, minute ventilation/carbon dioxide production.
CAE. Another study also demonstrated that peak VO 2 declined substantially over time (−2.0±2.9 mL/kg/min or −9.8%±14.6%) among 13 Fontan patients who subsequently died or underwent transplant. 28 The authors found that for every 10% decline in peak VO 2 at follow-up, there was nearly a twofold increase of the hazard for death or transplantation. 28 Four articles found positive correlations between peak VO 2 and mortality. A large single-centre study found that peak VO 2 independently predicted mortality with a 42.9% cut-off value, corresponding to an absolute value of 21.0 (mL/kg/min). 24 The area under the curve (AUC) was 0.82 (sensitivity=75.0%, specificity=80.7%). Another study showed that a peak VO 2 <16.6 mL/kg/min was predictive of mortality. 23 Five of five studies demonstrated that either peak VO 2 , changes in peak VO 2 or VO 2 as a percentage of predicted value were strong and independent predictors of morbidity. 22-24 26 28 The predictive power for hospitalisation was AUC=0.79 with a cut-off value of 55.0% (sensitivity 73%, specificity 75%). 24 One study concluded that the risk for combined end point of death and hospitalisation was more than two times higher for patients with peak VO 2 <18.9 mL/kg/min compared with patients with peak VO 2 >18.9 mL/kg/min. 23 Combined outcome of death, transplantation and heart failure-related hospitalisation was associated with a decline in peak VO 2 (HR: 1.4 per 10% decrease (1.0-1.8) ).
Heart rate Peak heart rate was investigated in all but one study. 22-26 28 Four of six studies demonstrated that heart rate at peak exercise was related to mortality (table 3A) . Four studies demonstrated a strong correlation between peak heart rate and mortality. 23 24 26 28 Patients who died during follow-up had a lower peak heart rate, and a peak heart rate <122.5 bpm was a univariable risk factor with a greatly increased risk for mortality. 23 Heart rate reserve, defined as the difference between maximum heart rate and resting heart rate, was also confirmed as an independent single prognostic marker significantly related to death or transplantation. 22 A heart rate reserve cut-off value of 72 bpm was identified as the value corresponding to the highest accuracy for predicting death or need for transplantation, AUC=0.643 (sensitivity 88%; specificity 38%). One study found no evidence of peak heart rate at baseline or changes during serial CPET to be related to mortality. 25 Fontan patients had significantly lower peak heart rate when compared with controls 24 and when comparing patients with combined outcome with patients without combined outcome. 23 A depressed chronotropic response to exercise was a risk factor for hospitalisation. 22-24 26 Per cent of predicted peak heart rate was an independent predictors of the combined outcome of death, transplantation or cardiovascular hospitalisation in a multivariable Congenital heart disease analysis (per +10%; HR: 0.77 (0.62-0.95)). 26 Peak-exercise heart rates <111.5 bpm was greatly associated with increased risk of mortality or a new morbidity (HR: 2.4; sensitivity 34%, specificity 88%). 23 Lower heart rate reserve also showed a significant correlation with higher levels of hospitalisations. 22 VE/VCO 2 Overall values of peak VE/CO 2 and VE/CO 2 slope was significantly abnormal in all studies reporting VE/CO 2 , but this failed to demonstrate an important association with mortality or transplantation. An elevated VE/VCO 2 (>35.5) conferred only a marginally increased mortality risk in one study (HR: 2.84 (1.02 to 7.87)). 23 Ohuchi et al reported similar findings in their series of 335 patients with 3.1 year follow-up. Four studies showed no significant correlation between an elevated VE/CO 2 and mortality. 22 25 26 28 Five of five studies in which VE/CO 2 was reported showed a correlation of VE/VO 2 slope or peak VE/ CO 2 with unscheduled hospitalisation and morbidities. 22-24 26 In multivariable analysis, a VE/VCO 2 slope >31.5 was significantly associated with an increased risk for combined outcome of death, hospitalisation, chronic heart failure, thrombosis and protein-losing enteropathy. 23 Exercise oscillatory ventilation (EOV) EOV in patients with Fontan physiology was a common phenomenon in a recent study of 253 patients. Of these, 95 (37.5%) had EOV. 26 This phenomenon has also been identified in a significant number of symptomatic patients with acquired chronic heart failure. 29 30 Since EOV can be assessed on submaximal tests, authors did not limit the analysis to Fontan patients with maximal effort. EOV was able to predict independently death or cardiac transplantation after controlling for potential covariates. 26 Kaplan-Meier estimates for death or transplantation over a 5-year period was 14.1% among Fontan patients with EOV compared with 4.3% for patients without EOV (HR: 4. 2 (1.3-13.3) ). Risk of death or transplantation over the entire study period was increased in patients with EOV (HR: 3.9 (1.5-10.0)).
Exercise impairment was present in the entire cohort; however, there was no association between EOV and peak VO 2 . Peak heart rate was lower in patients with EOV. EOV was a statistically significant univariate predictor of the combined outcome of death, transplantation and hospitalisation for cardiac or Fontan related events (HR: 1.8 (1.1-3.0)). 26 Anaerobic threshold (AT) AT and its prognostic value were reported in three studies only. 22 23 27 Atz et al 27 found that lower percentage of predicted VO 2 at AT was significantly correlated with death or cardiac transplantation. In contrast, no relation between VO 2 at AT and survival or transplantation could be found in a time-dependent analysis by Diller et al in a multicentre series. One study suggested a cut-off value of AT VO 2 <9.0 mL/kg/min to be associated with an increased risk for mortality (HR: 5.5 (2.1-14.8); sensitivity=50%, specificity=88%). 23 VO 2 at AT was a predictor of hospitalisation in the study by Diller et al. 22 Patients with a combined end point (death or hospitalisation/new morbidity) had significantly lower VO 2 at AT. 23 Oxygen pulse Two studies reported O 2 pulse. In one study, O 2 pulse was 82% of predicted at baseline and decreased by 3.4±1.8 percentage points/year. 25 Values at peak exercise did not differ between Fontan patients who died and survivors. Depression of O 2 pulse at peak exercise was not correlated with an increased risk of death. 23 25 O 2 pulse at peak exercise or decline in O 2 pulse over time was not correlated with hospitalisation or the combined endpoint of mortality or a new morbidity. 23 25 exercise capacity of Fontan patients relative to other patients with adult congenital heart disease and normal subjects Exercise intolerance in patients with ACHD is common and is comparable in severity and prevalence to patients with acquired chronic heart failure. Heart failure patients on average are however considerably older than patients with ACHD. 3 The degree of exercise intolerance in CHD is related to the anatomic and physiological phenotype of the specific congenital heart defect. Patients with Eisenmenger syndrome and complex CHD exhibit the lowest peak VO 2 . 3 31 Fontan patients, together with patients with congenitally corrected transposition of the great arteries and late closure ASD have the next most severe level of exercise impairment. Patients with repaired aortic coarctation and those with arterial switch operations were the conditions with best preserved peak VO 2 values. 3 31 Gender-specific and age-specific reference values for exercise limitation have been proposed for multiple lesions, including Fontan. 31 This tool for clinical decision making allows for comparison of the exercise capacity of individual Fontan patients with that of their peer patients. Cut-off values of the entire group of ACHD have also been suggested. Patients with a peak VO 2 within the lowest quartile (<15.5 mL/kg/min) had a 2.9-fold increased risk of hospital admission or death when compared with patients with a peak VO 2 above the cut-off value. 3 Numerous investigators have shown exercise capacity in Fontan patients to be impaired when compared with normal healthy subjects. Following the Fontan procedure, studies have reported a peak VO 2 ranging from 15 mL/ kg/min to 29 mL/kg/min, approximately 43%-78% of normal peak VO 2 .
32-34
Changes in exercise capacity over time Several cross-sectional studies have investigated impairment in Fontan patients, the majority with a significant decrease in peak VO 2 with increasing age. 14 27 35 In a large well-characterised cohort of Fontan patients, per cent-predicted peak VO 2 decreased from 69% to 61% during 9.4 years follow-up. 27 In contrast, a novel study found that per cent-predicted peak VO 2 did not correlate with time since Fontan completion, thereby questioning the concept of declining peak VO 2 as an indicator of progressive deterioration in Fontan patients. 36 Another study also concluded that peak VO 2 and other CPET variables was basically unchanged over time for the majority of Fontan patients, who did not die or require transplantation. 28 Data from a handful of longitudinal studies exist and remain somewhat discordant. Nir et al 12 reviewed serial CPET in 25 Fontan patients with no significant change in percentage predicted peak VO 2 over a 3.5-year period. A recent study had comparable result, reporting only a slow decline in exercise capacity in 55 Fontan patients during a 2.6-year follow-up (0.01 percentage points per year). 37 Age at enrolment was comparable in studies reporting a decline in exercise capacity and those who did not.
In the studies describing a decrease in peak VO 2 over time, Fernandes et al demonstrate that exercise capacity tends to decrease, especially during the adolescent years. 13 The decline was less pronounced during early adulthood. They reported that peak VO 2 declined by 1.25 percentage points/year based on a cohort of 98 patients. An even greater decline was reported by Egbe et al (1.7 percentage point/year) and Giardini et al (2.6 percentage point/year). 25 38 Patients with left ventricle morphology or with total cavopulmonary connection showed a less steep decline in exercise capacity. 38 In agreement, a study investigating all Danish Fontan patients demonstrated that severe exercise intolerance increased significantly with age. 39 The study also provided probabilities of severe exercise intolerance in 10-year-old, 20-year-old, 30-year-old and 40-year-old Fontan patients (56%, 71%, 80% and 88%, respectively).
determinants of exercise capacity Cardiorespiratory exercise responses in Fontan patients are complex and influenced by numerous perioperative variables. Some of these variables have been demonstrated as valuable predictors of exercise capacity. Age at Fontan operation and older age at exercise testing, regardless of the type of procedure, seem to be the most important factors in determining exercise capacity.
11 24 40-43 Younger age at time of surgery resulted in improved peak VO 2 at late follow-up, suggesting that early ventricular volume unloading reduced the amount of ventricular damage. Male Fontan patients achieved higher peak VO 2 in two studies 11 40 ; however, one study related male gender to lower peak VO 2 . 24 The presence of confluent pulmonary arteries was also a determinant of peak VO 2 , 11 and a morphologically left ventricle was associated with higher peak VO 2 when compared with morphologically right ventricle. 41 Prolonged QRS duration was independently associated with exercise impairment in adults Fontan patients. 42 The study suggests QRS prolongation to be a surrogate marker of impaired ventricular function because of an inverse relation between QRS duration and maximum increase in blood pressure and heart rate during exercise. Another study found diastolic function (as measured by E/E′ ratio) to be a powerful predictor of oxygen uptake. 44 dIsCussIOn For this systematic review, seven articles published between 2010 and 2017, reporting the relation between exercise capacity and late outcomes, were examined in detail. Overall, the designs of the different studies were equal, and CPETs were conducted with comparable protocols. All studies were cohort studies, that is, level II evidence. Exercise impairment ranged from 21.2 to 27.1 mL/kg/min across the studies. Specific CPET variables was prognostic of mortality and transplantation, while all variables were prognostic for hospitalisation or other morbidities.
Mortality and transplantation
Clinical evaluation of exercise capacity often focuses on oxygen uptake and measures of ventilatory efficiency, which have prognostic value for adult patients with heart failure. 45 46 In this review, especially four variables of CPET were reviewed: VO 2 , heart rate (peak or reserve), VE/CO 2 and EOV.
Exercise capacity was severely impaired in all studies. [22] [23] [24] [25] [26] [27] [28] Surprisingly, a uniform relation between peak VO 2 and mortality or transplantation could not be established. This inconsistency may be due to different exercise effort or exercise protocols. However, a decline in peak VO 2 over time appears to be a more important prognostic indicator of late outcomes and impending clinically overt heart failure.
Most studies agreed that chronotropic parameters have a high prognostic value in adult Fontan patients. 22-25 28 A possible explanation for this might be that heart rate, unlike the other variables, is related to autonomic dysfunction and is a potential marker of serious cardiac arrhythmias. VE/VCO 2 slope or peak VE/VCO 2 was elevated in all studies but was not strongly associated risk for mortality. 22-25 28 This result may be explained by the fact that VE/VCO 2 is often elevated in patients with Fontan physiology secondary to V/Q mismatch, which does not appear to carry prognostic importance with respect to mortality but may be an important morbidity marker. VO 2 at AT was only reported in a few studies. 27 There was no clear evidence for its role as a potential mortality predictor, and two large studies were contradictory in their findings in this respect. 22 27 The study by Atz et al did report VO 2 at AT to be associated with death and transplantation, but when controlled for other factors, it lost its prognostic importance. A specific cut-off was suggested; however, the sensitivity was only 50%.
Congenital heart disease
O 2 pulse as predicted of normal values was lower in Fontan patients and declined over time. This time related decline of O 2 pulse at peak exercise was not correlated with mortality outcomes. 13 25 hospitalisation and morbidity Interestingly, most variables of CPET were highly correlated with hospitalisation or new morbidities in all articles investigating secondary outcome. [22] [23] [24] Clinical implications Though peak oxygen consumption provides prognostic data regarding mortality and heart transplantation in adult patients with acquired heart failure, 45 46 it is clear from the current evidence that peak VO 2 is not strongly predictive of late mortality outcomes in Fontan patients. 22 27 Therefore, it has to be evaluated in combination with other parameters in Fontan patients to identify those at greatest risk of death or heart transplantation. In contrast, a decline in peak VO 2 between clinical examinations is a much stronger predictor of death and transplantation. It is also worthy of note that extremely low peak VO 2 in Fontan patients (peak VO 2 below 16.6 mL/kg/min) is likely still an important mortality predictor. 23 Peak heart rate and heart rate reserve hold great promise as important prognostic tools in Fontan patients in predicting mortality and/or the need for heart transplant. [22] [23] [24] Both parameters are easily available during a CPET. Another promising, and clinically underused variable is EOV. 26 Fontan patients who did not have EOV were unlikely to die and did not undergo heart transplant within 2 years of follow-up after CPET.
VE/VCO 2 expressed as a slope or peak value was not an adequate predictor of mortality or transplantation in any studies and cannot be used to evaluate late outcome in Fontan patients. [22] [23] [24] lIMItatIOns The number of studies conducted about this subject was few. Most of the studies included in this systematic review were retrospective, single-centre registries. Although these studies provided valuable outcomes information, selection or follow-up bias cannot be excluded. Exercise protocols differed in exercise modality between studies, however were comparable. Some Fontan patients were not able to perform CPET adequately and was excluded, thereby omitting the poorest patients. Importantly, across different studies, there was large variation in the criteria of maximal exercise effort of peak gas (respiratory exchange ratio) and their definitions of late outcome. Particularly secondary morbidity outcome differed, where number of deaths was included in some of them. The number of deaths was small in some studies, making multivariable analysis impossible. Lastly, CPET may not be sensitive to non-cardiac secondary morbidities such as Fontan-associated liver disease.
COnClusIOns
This systematic review provides an overview of exercise capacity prognostic value in older adolescent and adult Fontan patients. Decline in peak VO 2 , heart rate variables and EOV were the best predictors of death and transplantation, although no clear consensus was reached. Several variables were strong and independent predictors of hospitalisation and morbidity. Even though multiple unanswered questions about the prognostic value of CPET exist, we would recommend an individualised evaluation with focus on decline in peak VO 2 , the presence of EOV and impaired chronotropic parameters. There is a need for further studies to explore a combination of these dynamic physiological variables and biomarkers such as pro-brain natriuretic peptide to enhance the risk assessment in Fontan patients.
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